Abstract: Connective tissue growth factor/ CCN family 2 (CTGF/CCN2) has been considered to participate in tooth development. To date, the expression and role of CTGF/CCN2 in reparative dentinogenesis have been unclear. Our previous study revealed that matrix metalloproteinase-3 (MMP-3) stimulates cell migration via CTGF/CCN2 expression and secretion in human dental pulp cells, and that this is dependent on dynamin-related endocytosis and independent of protease activity. The objective of the present study was to determine the expression of CTGF/CCN2 in reparative dentin in human carious teeth and to examine the effect of CTGF/CCN2 on mineralization in cultured human dental pulp cells. Minimal expression of CTGF/CCN2 was evident in odontoblasts subjacent to the dentin-pulp junction in healthy teeth, whereas strong expression was detected in odontoblast-like cells lining the reparative dentin subjacent to dental caries. In human dental pulp cells, CTGF/CCN2 promoted mineralization but failed to induce proliferation, suggesting that this molecule has the ability to induce the differentiation of human dental pulp cells. Taken together, the data suggest that CTGF/CCN2 is likely involved in reparative dentinogenesis through formation of hard tissue in human carious teeth. (J Oral Sci 54, 47-54, 2012)
Introduction
Dentin and dental pulp constitute a functional unit referred to as the dentin-pulp complex (1) . The dental pulp is enclosed by rigid dentin, which is synthesized by odontoblasts throughout life. Odontoblasts are highly differentiated cells that produce a matrix comprising collagenous and non-collagenous proteins, which are capable of mineralization. While secondary dentin is formed in response to normal physiological stimuli, the dentin-pulp complex forms tertiary dentin to protect the pulp from dental caries, tooth wear, attrition, and trauma (2) . Reactionary dentin, one of the types of tertiary dentin, shows morphological similarities to primary and secondary dentin. Reparative dentin, another type of tertiary dentin, forms an irregular and less tubular structure, and often includes odontoblast-like cells that are similar to bone osteocytes. The differences between these two types of tertiary dentin appear to depend on the extent of damage. In reparative dentinogenesis, the original odontoblasts are disrupted by severe damage, and some growth factors may provoke the differentiation of pulp cells into new odontoblast-like cells (2) .
Connective tissue growth factor/CCN family 2 (CTGF/ CCN2) is a secretory protein belonging to the CCN family, which also includes cysteine-rich 61 (CYR61/ CCN1), nephroblastoma overexpressed (NOV/CCN3), as well as Wnt-induced secreted protein-1 (WISP-1/ CCN4), WISP-2 (CCN5), and WISP-3 (CCN6) (3) (4) (5) .
The CCN proteins have four functional domains: an insulin-like growth factor binding protein-like module (IGFBP), a von Willebrand factor type C repeat module (VWC), a thrombospondin type-1 repeat module (TSP-1), and a C-terminal cysteine knot-containing module (CT), although CCN5 lacks the CT module (3) (4) (5) . Our previous study demonstrated that matrix metalloproteinase-3 (MMP-3) stimulates cell migration via CTGF/ CCN2 expression and secretion in human dental pulp cells, being dependent on dynamin-related endocytosis and independent of protease activity (6) . MMP-3, also termed stromelysin-1, is a well known protease that can degrade collagens (types III, IV, V and IX), gelatin, aggrecan, versican, perlecan, decorin, proteoglycan, fibronectin, laminin and osteonectin (7) . In human dental pulp, the level of MMP-3 has been shown to be significantly increased in acute pulpitis in comparison to asymptomatic pulp (8) . Recently, MMP-3 has been shown to stimulate the migration of human umbilical vein endothelial cells (HUVECs), and to accelerate hard tissue formation and angiogenesis in rat dental pulp (9) . Therefore, we hypothesized that MMP-3-induced CTGF/CCN2 could enhance wound healing in dental pulp through the formation of reparative dentin. In fact, during tooth development, CTGF/CCN2 is expressed in the dental lamina, inner dental epithelium, outer dental epithelium, enamel knot, preameloblasts, and mesenchyme, thus playing a critical role in tooth growth (10) . However, details of the expression and role of CTGF/ CCN2 in the mature dentin-pulp complex are still unclear.
In the present study, we investigated the localization of CTGF/CCN2 in reparative dentinogenesis in carious human teeth and the effects of CTGF/CCN2 on mineralization and proliferation of human dental pulp cells in vitro.
Materials and Methods

Materials
Fetal bovine serum (FBS), α-minimal essential medium (α-MEM), fungizone and trypsin were purchased from GIBCO BRL Life Technologies (Tokyo, Japan). Penicillin G and kanamycin were purchased from Meiji Seika (Tokyo, Japan). Recombinant human CTGF/CCN2 was purchased from BioVendor (Candler, NC, USA).
Tissue preparation
Five mature third molars (healthy) and 5 carious third molars were used for this study. The patients concerned gave informed consent before providing the samples. After extraction, the crowns were sectioned and were fixed immediately with 4% paraformaldehyde for 3 days. The samples were then demineralized with 0.5 M EDTA for 4 weeks. The demineralized tissues were then processed through a graded ethanol series and xylene, and embedded in paraffin. Sections 4 µm thick were cut on a microtome and mounted on glass slides. The paraffin sections were then deparaffinized and rehydrated. Subsequently, the sections were processed for hematoxylin and eosin (HE) staining and immunohistochemistry.
Immunohistochemistry
The sections were boiled for 10 min in 10 mM citrate buffer (pH 6) for antigen activation and then incubated with 0.3% H 2 O 2 in methanol for 30 min to remove endogenous peroxidase. After washing with 0.1% PBST, the sections were probed for 12 h in a moist chamber with mouse anti-human CTGF/CCN2 antibody (R&D systems, MN, USA, diluted 1:100) at room temperature. The primary antibody was revealed using the Dako ChemMate TM EnVision TM system (Dako, Tokyo, Japan), and finally the sections were visualized using 0.12 mg/ ml 3,3'-diaminobenzidine (DAB; Merck, Darmstadt, Germany) containing 0.03% H 2 O 2 and counterstained with Mayer's hematoxylin. Negative controls were treated without the primary antibody. This study was approved by the ethics committee of Nihon University School of Dentistry at Matsudo (No. EC09-008).
Cell culture
Human dental pulp cells were obtained from first premolars extracted under aseptic conditions from patients aged 20 years during orthodontic treatment. After the dental pulp had been extracted, the tissue was minced, placed on a 35-mm tissue culture dish, and covered with a sterilized glass coverslip. The explants were cultured in α-MEM supplemented with 10% FBS and antibiotics (20 U/ml penicillin G, 100 µg/ml kanamycin, 250 ng/ml fungizone) at 37 °C in a humidified atmosphere of 5% CO 2 in air. Once cell growth from the explants had reached confluence, the cells were detached with 0.025% trypsin in phosphate-buffered saline (PBS) and subcultured in culture flasks. For the experiments, cells from passages 5-7 were plated at 2 × 10 5 cells/ml medium.
Alizarin red S staining
Human dental pulp cells were subcultured in 35-mm tissue culture dishes in α-MEM containing 10% FBS. When the cells were confluent, they were stimulated with experimental medium containing α-MEM supplemented with 10% FBS, 50 µg/ml L-ascorbic acid 2-phosphate, 2 mM β-glycerophosphate, and recombinant human CTGF/ CCN2 (10, 50 and 100 ng/ml) for 14, 21, or 28 days. The cultures were then fixed in 4% paraformaldehyde in PBS for 15 min. The fixed cells were incubated with 1% alizarin red S solution for 5 min, and washed three times with distilled water. For quantification of alizarin red S staining, the absorbance was measured using the method described by Gregory et al. (11) .
Proliferation assay
Human dental pulp cells were seeded in 96-well plates at 2.5 × 10 3 cells/well. The cells were incubated in α-MEM containing 1% FBS for 24 h, and then stimulated with each concentration of CTGF/CCN2. The number of cells was determined using a Cell Counting Kit-8 (Dojindo, Tokyo, Japan) at 0, 12, 24, 48, and 72 h after stimulation. The kit solution was added to each well, and cultures were incubated for 2 h. Afterward, the absorbance was measured at 450 nm using an Immuno Mini NJ-2300 instrument (Biotec, Tokyo, Japan).
Statistical analyses
The results are presented as the means ± SE from 3 different donors. Statistical analyses were performed using the Excel Statistics software program, 2008 (SSRI, Tokyo, Japan). The data from the time-course study were analyzed by two-way ANOVA, and the data from other experiments were analyzed by one-way ANOVA. Group means were compared by Tukey's multiple comparison test.
Results
Histological features of healthy and carious human teeth
The healthy human teeth showed an odontoblast layer, a cell-poor zone, and a cell-rich zone subjacent to the unmineralized predentin, in addition to the tubular dentin (Figs. 1A, B) . The cell-rich zone was more conspicuous in the coronal pulp than in the radicular pulp (Fig. 1A) . Odontoblasts subjacent to the predentin showed a spindleshaped morphology, and were aligned with the processes of the odontoblasts oriented to the dentin-enamel junction (Fig. 1B) . The carious human teeth showed irregular, less tubular forms of reparative dentin subjacent to the carious lesion (Figs. 1C-E) . Dentinal tubules of reparative dentin were discontinuous with the tubules of the secondary dentin. The cell-poor zone and cell-rich zone had disappeared. Odontoblast-like cells subjacent to the reparative dentin showed a cuboidal or short columnar shape and eosinophilic cytoplasm (Fig. 1E) .
Localization of CTGF/CCN2 in carious human teeth
We examined the localization of CTGF/CCN2 in healthy and carious human teeth using immunohistochemistry. In healthy human teeth, expression of CTGF/ CCN2 was barely detected in odontoblasts subjacent to the predentin (Fig. 2A) . In carious human teeth, a strong signal for CTGF/CCN2 was detected in the odontoblastlike cells located at the dentin-pulp junction subjacent to the reparative dentin (Fig. 2B) . Figure 2C shows the reparative dentin subjacent to the dental caries. Sections from the negative control did not show any specific immunoreaction (Fig. 2D) . CTGF/CCN2-enhanced mineralization of human dental pulp cells
Using alizarin red S staining, we investigated whether CTGF/CCN2 induces mineralization of human dental pulp cells. When the cells were stimulated with CTGF/ CCN2 (50 ng/ml), mineralization of the dental pulp cells was significantly accelerated in comparison to the control (without CTGF/CCN2) dishes at 28 days after treatment (Figs. 3A, B) . Up to 21 days, CTGF/CCN2 had no significant effect on mineralization of the cultures. These results suggested that CTGF/CCN2 promotes mineralization in human dental pulp cells.
Lack of effect of CTGF/CCN2 on proliferation of human dental pulp cells
We next investigated whether CTGF/CCN2 is associated with human dental pulp proliferation. Human dental pulp cells were stimulated with CTGF/CCN2 (0, 0.1, 1.0, 10 and 100 ng/ml) for 12, 24, 48, or 72 h, but proliferation of the cells was not significantly affected (Fig. 4) . These results suggested that CTGF/CCN2 is not involved in the proliferation of human dental pulp cells.
Discussion
In this study, we demonstrated that 1) CTGF/CCN2 is detectable in odontoblast-like cells subjacent to the reparative dentin in carious human teeth, 2) CTGF/CCN2 enhances the mineralization of human dental pulp cells, and 3) CTGF/CCN2 does not stimulate the proliferation of human dental pulp cells. These results suggest that CTGF/CCN2 is involved in reparative dentinogenesis by increasing the mineralization of human dental pulp cells.
Recent studies have shown that CTGF/CCN2 is highly expressed in immature tooth organs or stem cells from human exfoliated deciduous teeth (SHED) (10,12) ; however, details of its expression and role in mature dental pulp have remained unclear. Here, we demonstrated that MMP-3 induces production and secretion of CTGF/CCN2 in human dental pulp cells, subsequently inducing cell migration (6) .
Strong expression of CTGF/CCN2 was detected in the cytoplasm of the odontoblast-like cells lining the reparative dentin subjacent to dental caries, relative to odontoblasts in healthy teeth. These observations suggest that CTGF/CCN2 participates in reparative dentinogenesis by the human dentin-pulp complex. Dentin is classified into three types termed primary, secondary, and tertiary dentin in accordance with the process of its formation (13) . In contrast to secondary dentin, which is formed as a reaction to normal physiological stimuli, tertiary dentin is formed in response to external stimuli such as dental caries or tooth wear. Tertiary dentin also includes the reactionary and reparative types of dentin. Reactionary dentin formed by original odontoblasts contains dentinal tubules that remain continuous with the secondary dentin, while reparative dentin formed by newly differentiated odontoblast-like cells exhibits a less tubular and osteoid appearance. It has been considered that the progenitor cells capable of differentiating into odontoblast-like cells are localized in perivascular areas, the cell-rich zone, and the inner stroma of dental pulp (14) (15) (16) . These undifferentiated cells are thought to be implicated in the reparative dentinogenic response as a consequence of original odontoblast injury beneath lesions resulting from severe caries (13, 17) .
In odontoblasts subjacent to the dentin-pulp junction in healthy teeth, minimal expression of CTGF/CCN2 was observed. This result is in accordance with low expression of the CTGF/CCN2 gene in differentiated odontoblasts (10) . Therefore it is conceivable that CTGF/ CCN2 expression would be moderate in normal mature odontoblasts after tooth eruption, but would increase during the process of reparative dentinogenesis and tooth development.
Our present study also revealed that CTGF/CCN2 induced mineralization of human dental pulp cells in vitro. These results indicate that CTGF/CCN2 provoked by odontoblast-like cells in response to dental caries increases hard tissue formation in human dental pulp cells. CTGF/CCN2, especially the C-terminal (CT) domain, has been demonstrated to regulate Wnt signaling (18) . In addition, Wnt5a regulates odontoblast differentiation during mouse tooth development (19) . Therefore, in the process of formation of reparative dentin, some growth factors including CTGF/CCN2 derived from dental pulp cells such as odontoblast-like cells might trigger the mineralization of dental pulp cells. CTGF/CCN2 has also been shown to promote mineralization of various cell types such as rat osteoblasts, the mouse osteoblastic cell line MC3T3-E1, and the human osteosarcoma cell line Saos-2 (20) (21) (22) .
On the other hand, CTGF/CCN2 has been considered to participate in cell proliferation (23) . We also examined the effect of CTGF/CCN2 on the proliferation of mature human dental pulp cells, but found that it exerted no significant effects. Therefore, CTGF/CCN2 appears to be involved in the differentiation, rather than the proliferation of human dental pulp cells. Taken together, the data suggest that in cases of dental caries, CTGF/CCN2 induced by odontoblast-like cells may provide paracrine signals for undifferentiated neighboring cells, thus promoting the formation of reparative dentin to protect teeth against dental caries.
In conclusion, CTGF/CCN2 was detected in odontoblast-like cells subjacent to the reparative dentin in carious human teeth. In cultured human dental pulp cells, CTGF/CCN2 enhanced mineralization but not proliferation. These results suggest that CTGF/CCN2 is involved in reparative dentin formation through mineralization in human carious teeth, thus contributing to our understanding of the mechanism underlying the repair of the dentin-pulp complex.
